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 Adsorption studies on carbon play a key role in fields such as environmental remediation, 
purification, and catalysis.  Because of the inherently high surface area, low cost, and inertness of 
activated carbons, these materials have been the preferable substrate for remediation studies. The 
adsorption of mercury, radioactive materials, pesticides, and dyes from soil and water are only a 
few examples among others. Considerably less time has been dedicated to investigating adsorption 
processes on other types of carbons such as carbon blacks, graphene, or carbon nanotubes, despite 
the fact that these materials are used extensively in energy conversion and storage devices, and 
applications in the field of catalysis and electrocatalysis.  
This thesis work is aimed to fill the gap in existing research by studying the adsorption of 
two model molecules, glucose (C6H12O6) and melamine (C3H6N6) onto three different well-
characterized carbon substrates, two commercial carbon materials with very different properties, 
Darco KB-G (AC) and Vulcan XC-72R (VC), and a mesoporous carbon synthesized for this 
purpose. The adsorption of glucose was examined using both gas chromatography and 
thermogravimetric analysis, while melamine adsorption was studied using UV-visible 
spectroscopy. The effect of different phase separation techniques on TGA results was analyzed. 
Melamine adsorption isotherms in both acid and alkaline media were fit with both the Langmuir 
and Freundlich models. To the best of our knowledge, these are the first reported values for the 
adsorption of melamine on mesoporous carbon materials.  
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Chapter 1 : Introduction 
 
Environmental pollution, depletion of the fossil fuel reserves, greenhouse emissions and 
climate change related problems are within the most significant challenges the world is facing 
now. As such, there is a significant amount of research work aimed to solve these problems in the 
fields of wastewater treatment [1-3], environmental remediation [4-6], filtration and purification 
[1], and catalysis [7].  Particularly adsorption on carbonaceous materials such as activated carbons 
[3, 6, 8-12], graphene [13-15], carbon nanotubes [16], carbon blacks [7, 17-20] and synthetic 
carbon adsorbents with targeted micro and mesostructures [4, 5, 21-23].  
Carbon is an excellent adsorbent material, owing mainly to its high surface area and porous 
structure, and it has been used for water purification since ancient times. Historically the Chinese, 
Roman and Egyptian empires are reported to have used charcoal to remove contaminants from 
drinking water [24, 25], a process that is still being used (in a much more refined form) to this day. 
The primary factor that allows activated carbon to act as an excellent adsorbent material is its large 
surface area, which provides for many adsorption sites on a relatively small mass of carbon. Since 
the late 19th century the adsorption capabilities of carbon materials has been studied extensively, 
with early experiments on thermal treatments to “activate” carbon by removing species adsorbed 
to the carbon during synthesis and thus increase the number of adsorption sites available giving 
rise to the activated carbon materials we know today [25]. 
More recently, applications have been extended to other areas, such as environmental 
remediation and water treatment, mainly due to the favourable interaction between organic 
compounds (dyes, toxic, carcinogenic, and mutagenic species) and the hydrophobic carbon 




glycol from aircraft deicer and automobile coolant [3], the adsorption of dye in runoff from 
manufacturing and textile industries [1], the removal of mercury from waterways [5, 6], removal 
of pesticides from agricultural soil and runoff [20, 26], the removal of radioactive material from 
water and soil around nuclear plants [4], and adsorption of molecules such as histidine [22], humic 
acid [21], and  OH-containing molecules including phenols, glycols, and sugars such as glucose 
and cellobiose from aqueous solutions [3, 8, 9, 11, 12, 16, 17, 23] have all shown that adsorption 
is a field of extreme importance.  
 Carbon materials also play an important role in the field of renewable energy, where one 
of the most common goals is the development or modification of materials that can maximize the 
efficiency and reduce the cost of current energy storage and conversion devices, such as lithium 
batteries and polymer electrolyte membrane fuel cells [19, 27, 28]. Therefore a considerable 
amount of work has been aimed to develop carbon materials with specific textural [29, 30] and 
surface [7, 18, 28] properties. For instance, the introduction of functional groups, such as O and N 
containing functional groups, can decrease the hydrophobicity of carbon [7, 18] or increase the 
catalytic activity of metals [28], respectively. Surface modification can be achieved by different 
routes; chemical and physical vapor deposition, sorption from liquid media or mechanical mixing 
and subsequent annealing at high temperature conditions. The advantages and limitations of each 
approach strongly depend on the particular application [7, 16, 18].  
 
1.1 General overview of carbon materials: Properties and applications  
Carbon can be found in many different allotropic forms (diamond, graphite, fullerenes, 
graphene, single and multiwall carbon nanotubes (CNTs)), each with significantly different 




sheet of sp2 hybridized carbon atoms ordered in a 2D-lattice [14]. Because of its high electrical  
conductivity,  graphene is a material extensively investigated in connection to energy storage and 
conversion applications, while the presence of functional groups on the edges and vacancies of the 
graphene sheet such as those shown in Fig. 1-2 can modify its properties, granting it applications 
ranging from catalyst substrate to self-assembled monolayers to adsorption [9, 11, 14-16, 30-32].  
Single wall carbon nanotubes (SWCNTs), are simply a graphene sheet that has been rolled into a 
cylinder, and as such share garphite’s chemical inertness and high electrical conductivity [31]. 
SWCNTs also boast high mechanical strength, can have metallic or semiconductor properties 
depending on the presence of metals or other molecules, and have been studied for similar 
applications, in addition to other uses where a high mechanical strength is required [9, 11, 14, 16, 
30-32]. 
 
Figure 1-1: Graphene sheet  and carbon nanotube (CNT) 
 
Carbons obtained by incomplete combustion of carbon-containing materials such as 
biomass (wood, agricultural waste or biomass) [24] or fossil fuels [20] also constitute an important 
group because of the number of applications.  Particularly, activated carbons (ACs), a group of 




by the incomplete combustion of biomass or fossil fuels, followed by some activation process to 
increase surface area or include functional groups [6, 17, 20, 30]. Some examples include heat 
treatment to remove species adsorbed during the synthesis [25], flowing CO2 or steam during the 
heat treatment to increase porosity or reduction with chemicals such as KOH [24].  ACs are known 
for their large surface area, controllable pore structure, chemical inertness and thermo-stability, 
which when combined with their tunable surface chemistry by the introduction of functional 
groups, make them attractive for adsorption applications, including gas separation, water 
purification, waste treatment and remediation[2].  
Carbon blacks (CBs) are preferentially synthesized by incomplete combustion of fossil 
fuels such as oil and gas [20, 33] rather than biomass. The process involves the injection of hot air 
into an oil furnace to cause combustion, with the resulting gas mixture cooled downstream to 
collect the carbon black on the walls of the system [33]. The synthesis typically reaches higher 
temperatures than activated carbon synthesis, resulting in lower functional group content and a 
more conductive material, usually with a smaller surface area [17, 20-22].   
ACs and CBs have very similar micro- and nanostructures, but their macrostructures are 
very different. The mean particle sizes of ACs is at least three orders of magnitude larger than in 
CB (0.01 to 1 mm vs 0.010 to 1 µm [34]), and the porous structure is much more developed. 
Reported surface areas for ACs are within the 500-3000 m2/g range, while in the case of CBs are 
usually smaller than 500 - 1000 m2/g. The presence of surface functional groups, mainly oxygen 
at graphene edges, is frequent after activation (see Fig. 1-2), but other heteroatoms such as sulfur 






Figure 1-2: Oxygen-containing functional groups on the edges and vacancies of graphene. 
 
As in the case of ACs, CBs have been used in a wide range of applications, but those which 
require a relatively cheap material with good electrical conductive properties, high surface area 
and controllable pore size distribution are the most common. For these reasons, CBs are usually 
used as catalyst support in fuel cells [19, 35, 36], as catalyst for the hydrolysis of cellulose [11, 12, 
23], and even as adsorbent material (humic acid [21], mercury [6], carbofuran [20], l-histidine 
[22], and radioactive materials [4]).  
The incorporation of functional O, N, and S groups on ACs and CBs  can contribute to 
improve the adsorptive properties of the original material [3, 11, 12, 21], as well as contribute to 
reduce or even substitute precious metals such Pt in polymer electrolyte membrane fuel cells 
(PEMFCs), with greener, environmentally friendly, and abundant elements [27, 28, 35]. 
Adsorption and carbonization of molecules such as glucose (rich in oxygen functional groups) was 




deposition of TiO2 nanoparticles using a sol-gel method [7, 16, 18]. In the case of nitrogen, the 
most common method to introduce nitrogen functional groups is by heat treatment in the presence 
of ammonia gas [32] or by carbonization of a high nitrogen content starting material such as 
polyacrylonitrile [27] or a melamine-formaldehyde resin, but a recent synthesis has also reported 
that mechanical mixing of melamine with carbon before heat treatment can also introduce nitrogen 
functional groups in the final carbon product [28].  
 Because adsorption is a core topic in this thesis, in the following sections and chapters, the 
main models used for the description of adsorption on carbon and other substrates will be discussed 
in more detail. 
 
1.2 Modelling adsorption on carbon materials 
Adsorption is the process in which a molecule called the adsorbate attaches to the surface 
of a solid material called the adsorbent. There are two modes of adsorption; chemisorption, an 
irreversible process in which a chemical bond is formed between the adsorbate and adsorbent, and 
physisorption, a reversible process in which the interaction between the adsorbate and the 
adsorbent is a physical interaction such as hydrophobic/phillic interaction [34]. The way an 
adsorbate interacts with itself can also lead to two different types of adsorption. Monolayer 
adsorption consists of a single layer of adsorbate attaching to the surface of the adsorbent, filling 
every available adsorption site on the surface of the solid and reaching an equilibrium adsorption 
plateau. Multilayer adsorption, on the other hand, involves adsorption of a second layer of 
adsorbate on top of the first layer, with the number of layers possible dictated by the strength of 
the adsorbate-adsorbate interactions, each showing its own adsorption plateau before the next layer 




As can be expected,  the adsorbate-adsorbent properties lead to several adsorption profiles, 
and different models are used to describe the process.  The International Union of Pure and Applied 
Chemistry (IUPAC) has categorized adsorption isotherms into six groups (Fig. 1-3), based upon 
the mode of adsorption and porous structure of the material. These models are intended to describe 
the adsorption of gas molecules onto solid adsorbates, but comparison to adsorption in solution is 
possible for the majority of the catagories. 
The type I isotherm identifies microporous materials, with the plateau region given by the 
accessable micropore volume, as the adsorbate is unable to fit in micropores and access the interior 
surface area. The type Ia isotherm describes materials where the micropores are smaller than ~ 1 
nm, resulting in pore filling at very low partial pressures, while type Ib is typical of materials with 
wider micropores up to ~ 2.5 nm [37]. Type II isotherms describe physisorption onto macroporous 
materials, with the inflection point B signifying the completion of a monolayer, followed by 
adsorption of additional layers, while type III isotherms are characteristic of weak adsorbate-
adsorbent interactions, with adsorption only occurring at the strongest adsorption sites at low 
partial pressures [37]. Mesoporous materials result in type IV isotherms, which show monolayer 
adsorption up to the first inflection point, similar to type II isotherms, followed by the condensation 
of the gas adsorbate in the mesopores of the material. Thin mesopores result in the reversible type 
IVb isotherm, while the type IVa isotherm shows a hysteresis loop caused by capillary 
condensation in wider mesopores ( ≥ 4 nm for N2 adsorption) [37]. Finally, the type V isotherm is 
characteristic of weak adsorbate-adsorbent interactions, followed by pore filling at high partial 
pressures, while the type VI isotherm shows multilayer adsorption on a nonporous material, with 






Figure 1-3: IUPAC classification of gas adsorption isotherms. Reprinted from Thommes et al, 
Pure Appl. Chem., 87, 1051, 2015 “Physisorption of gases, with special reference to the 
evaluation of surface area and pore size distribution (IUPAC Technical Report)”. 





Though not as rigorous as the IUPAC classification, adsorption isotherms may also be 
grouped into different categories based on their slope at low concentration and general shape. The 
Giles classification [38] is purely observational, but can be used to group isotherms into the high 
affinity (H), Langmuir (L), constant (C) and sigmoidal (S) categories based on shape. The H type 
is used to describe isotherms that have a very high slope at low concentrations, before beginning 
to plateau at higher concentrations, and indicates that adsorption affinity is very high at low 
concentrations, but decreases as adsorption sites are filled [38]. L type isotherms follow the same 
trend, but with a less intense slope at low concentration and generally follow the expected 
Langmuir isotherm [38]. C type isotherms show a constant adsorption affinity, indicated by a linear 
isotherm with no detectable plateau, while S type isotherms have a sigmoidal shape, with 
adsorption increasing slowly at low concentrations, followed by an inflection point where 
adsorption begins to increase more rapidly, before reaching a plateau at the formation of a 
monolayer [38]. Typically, C type isotherms are vaild only at very low concentrations, while S 
type isotherms indicate cooperative adsorption of the adsorbate molecule, or competitive 






Figure 1-4: Giles classification of isotherms. Reprinted from Hinz, Christoph, Geoderma, 99, 
225, 2001. “Description of sorption data with isotherm equations”  








For studies in solution, particularly those involving the physisorption of organic molecules 
on carbon substrates, the most common model used to describe the physisorption process is the 
Langmuir model, which describes the monolayer adsorption of homogeneous adsorbate molecules, 
with no steric hindrance between adjacent adsorption sites. The isotherm obtained by this model 
follows Henry’s law at low concentrations, with adsorbate uptake increasing linearly with 
concentration, but reaches a plateau at monolayer coverage, as all adsorption sites are occupied [1, 
2]. The Langmuir model was originally conceived to describe the adsorption of gas phase 
molecules to solid phase activated carbon [2], but it is extensively used to describe the adsorption 
of solute molecules from solutions.  A main assumption of this model is that the number of 
adsorption sites on the adsorbent is fixed, every adsorption site is equal, and that there is no 
interaction between adsorbate molecules in neighbouring adsorption sites [1, 2]. Eq. 1-1 represents 
the equilibrium adsorbate uptake, qe, as function of the equilibrium concentration of adsorbate in 
solution, Ce [1, 2]: 
 
 
          (1-1) 
 
 
where Q0 is the monolayer adsorbate uptake, and Kads, the Langmuir adsorption constant [1, 2] 
defined as, 
 
 =  
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where  and (1-) represents the fraction of adsorbent sites covered with the adsorbate and the 
fraction of free sites, respectively.   Eq. 1-1 can be easily rearranged to a linear form:  
 
          (1-3) 
 
Both equations can be used for fitting the experimental data. In the linear form (Eq. 1-3), by 
plotting the Ce/qe ratio vs the equilibrium concentration, Ce,  both Q0 and Kads can be obtained. 
  
Freundlich Model 
The Freundlich model describes a multilayer, non-ideal and reversible adsorption process, 
with a heterogeneous adsorbent surface adsorbing molecules more or less quickly depending on 
the strength of the bonding site [1, 2]. In this empirical model, the assumption is that all adsorption 
sites are not equivalent, but rather that the adsorbent surface is heterogeneous, with the adsorption 
sites with stronger bonding energy being occupied first [2]. In the model (Eq. 1-4), qe represents 
equilibrium adsorbate uptake and Ce represents equilibrium adsorbate concentration, while KF is a 
Freundlich constant related to adsorption capacity and n is a Freundlich constant related to 
adsorbent heterogeneity [1, 2]. This model also has a linear form, shown in Eq. 1-5, which is 
simply a logarithmic plot of the initial exponential equation. 
 
           (1-4) 
 
  





However, the Freundlich model is based more on experimental results than thermodynamic 
basis, and as such does not follow Henry’s Law at low concentrations, while its lack of a theoretical 
limit may indicate limitless adsorption at high concentrations [1, 2]. 
 
1.3 Adsorbate molecules as model systems: experimental and theoretical adsorption studies 
The adsorbate molecules of interest for this research are small organic molecules that can 
be used as model systems for describing the adsorption properties of new mesoporous carbon 
materials. They can also adsorb to carbon to enhance its performance as adsorbent, catalyst, or 
catalyst substrate. To this end, the first adsorbate selected was glucose, because of the number of 
applications involving adsorption of glucose to carbon materials,  and the large number of glucose 
adsorption studies on ACs, making glucose an excellent reference molecule to compare to 
literature values. Previous studies [3, 8, 9, 12] reveal that adsorption of glucose to carbon is caused 
by hydrophobic interactions between the carbon surface and the glucose molecule, while the 
presence of hydrophilic functional groups on the carbon surface is known to result in a decrease 
of glucose loadings by facilitating the competitive adsorption of water from solution. Table 1-1 
summarizes some of these studies. As shown, the carbon susbstrates and the experimental 
conditions vary widely between studies, with saturation glucose uptakes ranging from 100 – 200 
mg/g carbon for adsorbents with similar surface areas. Table 1-2 summarizes similar studies, that 
used molecules other than glucose as the adsorbate molecule. 
Another molecule of interest to us is melamine, a nitrogen-rich triazine extensively used 
for the synthesis of polymers and resins [29], but it has also been used for doping carbon substrates 
with nitrogen [28]. Despite its use in the synthesis of adsorbent polymeric materials, the adsorption 




has been reported [26]. Our primary interest in melamine adsorption is the inclusion of nitrogen in 
the resulting carbon, which can improve, as mentioned above, the electrochemical activity of 
catalyst materials, but this study can be useful for several other areas of research and applications.  
For instance, melamine adsorption on graphene-2D materials has attracted attention because 
theoretical studies showed the assembly of functional molecules on graphene can modify the 
structural and electronic properties of the carbon substrate [14]. The fact that the self-assembly 
and aggretation of melamine on graphite was investigated by STM (Scanning Tunneling 
Microscopy) and AFM (Atomic Force Microscopy) is also appealing  because the  study provided 
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 Melamine (M) is a weak base that can undergo acid/base equilibrium reactions in aqueous 
solution and form several protonated species (MH+), (MH22+), (MH33+) and (M2H+) [14, 40, 41]. 
  
Figure 1-5: Protonation states of the melamine monomer according to Sal’nikov et al. [41] 
 
 
Equilibrium constant values for the three main dissociation reactions were reported by 
Sal’nikov et al [41],  
 
MH+ (aq)  M (aq) + H+ (aq) Ka1 = 10-5.11      (1-6) 
MH22+ (aq)  MH+ (aq) + H+ (aq) Ka2 = 10-1.79      (1-7) 
MH33+ (aq)  MH22+ (aq) + H+ (aq) Ka3 = 10-2.37      (1-8) 
 
Eqs. 1-6 to 1-8 were used to construct the speciation diagram shown in Fig. 1-6 with the 
HySS speciation software [38]. Both activity coefficient effects and the formation of dimers  (or 
even higher clusters [40]) were not included in the speciation calculation. [42]. Based on these 
results, at pH >7, the predominant species in solution is the unprotonated M, while at pHs values 





Figure 1-6: Speciation diagram of the melamine monomers. Diagram developed based on K 
values reported by Sal’nikov et al. [41] 
 
1.4 Thesis Objectives 
 As mentioned, the adsorption of small molecules on carbon substrates is seen as a 
promising approach for the preparation of new materials for both environmental remediation and 
energy storage and conversion applications.  A better understanding of the adsorption mechanism 
of small molecules on carbon is also required for the development of more sensitive 
electrochemical sensors involving carbon as catalyst substrate or as catalyst material.  In this study, 
the focus has been centered on two molecules,  glucose and melamine, and three carbon materials. 
Two mesoporous carbons, Vulcan XC-72R, a CB commonly used in polymer electrolyte 




of resorcinol and formaldehyde in the presence of SiO2 as a hard-template. The third carbon 
substrate, an AC, Darco KB-G,  was included in this study because of its relevance as adsorbent 
material in industrial applications, as well as the large number of fundamental studies on similar 
substrates. The comparison between very different materials in terms of surface area, surface 
functional group content, pore volume, and pore size distribution was  expected to provide further 
insight on the mechanism of adsorption of melamine and glucose in mesoporous carbon materials. 
The thesis manuscript is organized in five chapters, including the introduction (Chapter 1).  
Chapter 2 provides a detailed description of the materials and methods adopted to characterize the 
absorbents and adsorbates. Chapter 3 summarizes the main carbon characterization findings that 
are required for the analysis of the adsorption results introduced in Chapter 4. Main conclusions 




Chapter 2 :  Materials and Methods 
 
 DARCO KB-G activated carbon (AC) and Vulcan XC-72R carbon black (VC) were 
purchased from Sigma Aldrich and Fuel Cell Store, respectively. The solids were ground with an 
agate mortar and pestle, dried at 80°C in a vacuum oven overnight, and stored in sealed vials in a 
desiccator, and used for all further characterization studies and adsorption experiments. 
The following chemicals were obtained from Sigma-Aldrich and used as received: Acetic 
acid (≥ 99.7 %, ACS reagent), acetic anhydride (≥ 99 %, reagent plus), anhydrous dimethyl 
sulfoxide (≥ 99.9 %), D-(+)-Glucose (≥ 99.5 %), formaldehyde (37 wt.% in H2O), fumed silica 
(0.2-0.3 µm avg. part. size), glycerol (≥ 99 %, for molecular biology), melamine (99 %), methanol 
(≥ 99.9 %,CHROMASOLV for HPLC), 1-methylimidazole (99 %, reagent plus), 
poly(diallydimethylammonium chloride solution (PDADMAC, 20 wt.% in H2O), resorcinol (≥ 
99.0 %, ACS reagent), sodium acetate (≥ 99.0%, reagent plus), and sodium hydroxide (50 wt% in 
water). Other chemicals were purchased from the following companies: Ammonia (35 %, Certified 
ACS Plus, Fischer), dichloromethane (DCM, SupraSolv), galactose (D(+)Galactose, ≥ 98.0 %, 
BioShop), hydrochloric acid (36.5 – 38.0 %, ACS reagent), sodium bicarbonate (Fischer, 
Powder/Cartified ACS), sodium carbonate (Millipore, anhydrous granular, ACS grade), and 
potassium hydrogen phthalate (KHP, Alfa Aesar, 99.95-100.05% ACS primary standard). These 
chemicals were also used as received and without further purification. 
Water used in these experiments was deionized through a Milli-Q deionization system 
(Millipore Q-Gard T2, Millipore Quantum TEX); and it met the requirements for ASTM Type 1 




Gases used for analysis were purchased from Praxair and used without further purification: argon 
(99.999%, AR5.0UH-T), CO2 (99.9%, CD3.0-KS), extra dry air (AI0.0XD-T), helium (99.999%, 
HE5.0UH-T), hydrogen (99.999%, HY5.0UH-T), and nitrogen (99.995%, Ni5.0UH-T). 
 
2.1. Synthesis of Mesoporous Carbon 
 The procedure is based on the synthesis reported by Fuentes-Quezada and co-workers [29]. 
In this method two solutions (A and B) had to be prepared. Solution A was obtained by mixing 2 
g resorcinol, 1 g PDADMAC (soft-template), 45 g H2O and 0.4 g sodium acetate and Solution B 
prepared by adding 3.5 g glycerol, 1.25 g silica (hard-template) and 4 g methanol in 45 g H2O.  
Both solutions were sonicated for 30 minutes to ensure proper mixing. Solution A was then heated 
under reflux with stirring at 65 °C for 10 minutes. Solution B was then added, and the temperature 
raised to 90 °C. The reflux continued with vigorous stirring for 3 hours, with 1.3 mL of 
formaldehyde added after 20 minutes of heating and 2.8 mL of formaldehyde added after 65 
minutes of heating. The solution was allowed to cool, suction filtered through p42 filter paper and 
dried overnight in a vacuum oven at 80 oC to produce the final resin. The solid was ground with 
an agate mortar and pestle, and carbonized in a tube oven at 950 °C for 2 hours in a nitrogen 
atmosphere. This carbon was then washed for 24 hours with 3 M NaOH under reflux to dissolve 
the SiO2 nanoparticles, followed by 24-hour Soxhlet extraction in water to remove any excess of 
NaOH. 
 
2.2. Carbon Characterization Studies 





 The surface area and pore size distribution of the carbon adsorbents were determined from 
N2 adsorption/desorption isotherms. The adsorption data from the vapour pressure ratio, p/po, 
range 0.025 to 0.1, were fitted with the Brunauer-Emmett-Teller (BET) model: 
       (2-1) 
 
where n represents the amount of adsorbate adsorbed at relative pressure p/p°, p is the partial 
vapour pressure of adsorbate gas in equilibrium with the surface at 77.4 K and po  is the gas 
saturation pressure, nm is the monolayer capacity of the adsorbent, and C,  a positive constant 
related to the enthalpy of adsorption [37]. Using the slope and intercept linear region of a plot of 
(P/Po)/(n(1-(P/Po)) vs. (P/Po)), nm can be obtained, then combined with the cross-sectional area of 
the adsorbate molecule (N2 = 16.2 Å2/molecule), the mass of adsorbent, and Avogadro’s number, 
the BET surface area of the adsorbent can be calculated [37]. 
N2 and CO2 gas desorption/adsorption experiments were combined to investigate the 
micropore and mesopore structure of the carbon materials. The pore size distribution (PSD) of 
micropores was evaluated using CO2 gas adsorption isotherms at 273K, because under these 
conditions the diffusion of gas into the micropores is faster, and equilibration time shorter [43].  
The cumulative and incremental pore volumes for the carbon materials were obtained using the 
NL-DFT (non localized density functional theory) method included in the MicroActive for TriStar 
II Plus software.  On the other hand, the distribution of mesopores was explored using N2 
desorption isotherms. The Barrett-Joyner-Halenda (BJH) model was adopted to determine the pore 





         (2-2) 
 
where  R is the gas constant, T the temperature, Vm the molar volume of liquid N2, γ the surface 
tension of the fluid, tc the initial thickness of the adsorbed film and rp the radius of the pores [37]. 
The N2 adsorption/desorption isotherms were measured using two alternative systems: a 
Quantachrome Nova 1200e Surface Area Analyzer and a Micrometrics TriStar II Plus Surface 
Area and Porosity Instrument, and the latter was also used for determining the CO2 isotherms. For 
the experiments carried out in the Quantachrome Nova 1200e system, carbon samples (~ 0.1 g) 
were exposed to a 6 hour degassing step at 200 °C prior to the measurements. In the case of the N2 
and CO2 adsorption determinations carried out with the Micrometrics TriStar II Plus system, 0.05 
- 0.1 g of sample was exposed to a 24 hour degassing step at 110 °C prior to the measurements. 
Data analysis was performed with MicroActive for TriStar II Plus software and Quantachrome 
NovaWin software. 
Carbon Phase Characterization 
 Structural properties of the carbon samples were investigated using both Raman 
spectroscopy and X-ray diffraction. A Renishaw inVia Raman Spectrometer with a 532 nm solid 
state laser source with a 50 mW nominal power was used to measure the relative intensities 
I(D)/I(G) and widths of the D and G bands in the spectrum of each carbon adsorbent to evaluate 
the degree of graphitization and order in the carbon samples. The spectra were collected from 100 
cm-1 to 4000 cm-1 at 0.5% laser power, 15 s exposure time, 10 accumulations, with a binning 




XRD analysis was performed using a Rigaku Ultima IV X-ray diffractometer with Cu-Kα 
radiation (λ = 0.15418 nm) at 40 kV (44 mA), in order to evaluate the degree of graphitisation of 
the carbon materials.  
Surface Functional Groups 
 Fourier Transform Infrared Spectroscopy (FTIR) spectra were acquired with a Perkin 
Elmer Spectrum 100 FT-IR Spectrometer with Horizontal Attenuated Total Reflectance (HATR) 
sampling accessory in order to determine the functional groups present on the carbon adsorbents. 
Baseline correction and plotting of spectra were performed with Origin 2018 software. 
 X-ray Photoelectron Spectroscopy (XPS) measurements were done on a ThermoFisher 
ESCALAB 250Xi instrument with monochromatic Al K-alpha radiation used (1486.6 eV) with a 
spot size of 900 microns providing a final characterization of the functional groups present on the 
carbon surface at the University of Toronto. In the case of AC and VC, two other methods were 
used to evaluate the presence of functional groups on carbon (hydrophilic character): water vapour 
adsorption [30] and Boehm titration [44, 45].  Water vapour adsorption was also studied on MC, 
but the amount of sample required for the Boehm titration determination made it impossible to 
perform this study on the  MC sample at this time. Nevertheless, the good correlation between 
XPS and water vapour adsorption data for the three samples indicates that Boehm titration is not 
really required.  
Water vapour adsorption experiments were performed by sealing dried samples of carbon 
in a humidity chamber, and recording the change in mass as a function of time. Experiments were 
performed in triplicate, using 3 carbon samples and a total equilibration time of two weeks. All 
glassware was allowed to equilibrate in the chamber before addition of carbon, so any mass 




a blank experiment without carbon revealed that the adsorption of water onto the glass jars was 
negligible. The humidity chamber was a sealed desiccator, and the sample containers were located 
on a ceramic plate with holes over liquid water (Fig. 2-1). Approximately 0.1 g of carbon was 
spread in a thin layer in the glass containers to maximize the surface area available for adsorption. 
The major source of error in this determination was improper equilibration due to the opening of 
the desiccator to weigh the samples. As such final values were obtained by leaving the samples 
sealed in the desiccator for several days before weighing. 
 
 
Figure 2-1: Schematic of the setup used for H2O vapour adsorption experiments 
 
 
 Boehm titrations were performed by allowing 1.5 g of carbon to equilibrate with 50 mL of 
three different solutions: 0.05 M NaHCO3, 0.05 M Na2CO3 and 0.05 M NaOH for 24 hours. These 
solutions were previously standardized using KHP. After equilibration the carbon was removed 
from solution by filtration, and the solutions bubbled with inert gas (N2 or Ar) for 2 hours to 
remove any dissolved CO2. An excess of HCl (30 mL for Na2CO3, 20 mL for NaHCO3 and NaOH) 
was added to 10 mL of each alkaline solution, and then back-titrated with NaOH, using 2 drops of 




dissolution of CO2. The HCl solution was standardized using a NaOH standard solution.  The 
moles of functional group present on the carbon surface can then be determined from Eq. 2-3, 
where nFG B represents the moles of functional groups determined with base B (NaOH, NaHCO3 
or Na2CO3), CB the initial concentration of that base, VB the volume of the aliquot of the base 
solution, CHCl and VHCl the concentration and volume of the HCl solution respectively and CNaOH 
and VNaOH the concentration and volume of the NaOH titrant respectively. 
 
       (2-3) 
 
Titrations were perfrmed in triplicate, and the results analyzed to determine the 
concentration of various functional groups present on the carbon surface. NaHCO3 reacts only with 
carboxylic groups on the carbon surface, allowing the determination of their concentration (Eq. 2-
4), while Na2CO3 reacts with both carboxyl and lactonic groups, making the difference between 
these results the concentration of lactonic groups (Eq. 2-5). NaOH reacts with carboxylic, lactonic 
and phenol surface functional groups, providing both the total concentration of functional groups 
(Eq. 2-6), and the concentration of phenol groups when the Na2CO3 result is subtracted (Eq. 2-7) 
[44]. 
 
          (2-4) 
 
         (2-5) 
 
          (2-6) 
 





Determination of SiO2 content on synthetic MC.  
In the case of the synthetic MC sample, SiO2  nanoparticles (~200 nm) were used as a hard-
template. Thermogravimetric analysis (TGA) was used to evaluate the amount of residual silica 
left over after the dissolution and washing steps. The studies were carried out using an SDT Q600 
Simultaneous TGA/DSC from TA Instruments under air (50 mL/min) at a temperature scan rate 
of 10 oC/min from 30 to 1000 oC. 
 
2.3. Adsorption Experimental Methods 
Glucose Adsorption  
Because of the wide range of conditions reported for glucose in previous adsorption 
studies, a significant amount of time was spent trying to optimize the procedure for both AC and 
VC. Glucose adsorption studies were performed by mixing a known mass of carbon adsorbent 
with a known mass of glucose solution (batch experiments); optimization of the method required 
the study of different carbon-to-solution ratios and glucose concentration regions. Despite most 
literature adsorption studies being performed at 25 oC, it has been impossible to find an adequate 
means of getting both an appropriate control of temperature and stirring this close to room 
temperature. It was found to be more practical to run experiments at 30°C using an Excella E25 
Incubator Shaker Series incubation oven, with samples stirred at 184 rpm at 30°C for 24 hours. 
Preliminary experiments (not shown) and bibliographic data showed that equilibrium is achieved 
relatively fast, in less than a few hours. Different methods were also evaluated for phase separation 
(filtration through Whatman p42 filter paper, ultra-centrifugation (Sorvall Discovery 100se 
Ultracentrifuge, 50000g, 1 hour), and centrifugation through a filter membrane (Sorvall Legend 




separation, the solid carbon adsorbent was analyzed by TGA (SDT Q600 Thermal Gravimetric 
Analyzer, TA Instruments, extra dry air, 50 mL/min flow rate, 10 °C/min heat rate from 35 °C to 
800 °C, 10-15 mg of sample), to determine the adsorbed glucose content in the solids, taking 
advantage of the difference in combustion temperature between glucose (250 °C to 305 °C range) 
and carbon (600 °C to 700 °C range). 
The solution was analyzed by gas chromatography (Varian 3900 Gas Chromatograph, 
Galaxie Chromatography software), using a derivatization procedure reported by Blakeney et al. 
[46]. Briefly, the procedure involved mixing 1.35 mL water, 0.1 mL of galactose solution (0.19 
mol/kg) as internal standard (IS), 0.2 mL of glucose sample, and 0.15 mL ammonium hydroxide 
(35% in H2O). This solution was stirred, then 0.1 mL was mixed with 1 mL NaBH4 (0.5 M) in 
DMSO solution and heated at 40 °C for 1 hour. After that, 0.1 mL glacial acetic acid, 0.2 mL 1-
methylimidazole and 2 mL of acetic anhydride were added with stirring after each addition, the 
vial was allowed to cool for 15 min, then 5 mL of water was added. An additional 15 min for 
cooling was allowed, then 2 mL dichloromethane (DCM) was added and the solution mixed 
vigorously. After allowing 45 min in the fridge for phase separation, the organic phase was 
extracted with a syringe and run on the GC with a 1 µL injection and splitting factor of 10 at 140 




Figure 2-2:Acetylation of glucose for GC detection [46]. 
 
Melamine Adsorption  
 By using the experience gained while working with glucose, the adsorption of melamine 
was studied under different experimental conditions. In these studies, 40 mg of carbon was 
suspended in 100 g of melamine solution (2 x 10-4 to 7 x 10-3 mol/kg of  solution) and allowed to 
equilibrate at constant temperature for at least 4 days.  As melamine is a weak base its adsorption 
properties are dependent on the solution pH. Thus experiments were performed in both 0.01M HCl 
(~ pH=3) and 0.01M NaOH (~pH = 10). Experiments were performed at 30 °C in an incubation 
chamber that shakes samples at a rate of 184 rpm. After 4 days under constant stirring the samples 
were filtered through syringe filters (0.45 μm Teflon filters) to remove carbon. The melamine 
concentration in solutions before and after being in contact with carbon was determined using UV-
visible spectroscopy (Cary 50 Bio UV-Visible Spectrometer, 300 nm – 190 nm, slow scan rate) 
using the Lambert-Beer equation:  
 





where A() is the absorbance of the solution at wavelength (),  (,Mi)  is the molar absorptivity 
of a melamine species, Mi, in solution at , b is the cell path length (= 1 cm), and C(Mi) represents 
the concentration of Mi (M, MH+, MH22+, or MH33+) in solution, which is determined by the pH.  
Figs. 2-3 and 2-4 illustrate the changes in the absorption spectra of melamine aqueous 
solutions (~0.15 mM) as a function of pH. As shown, the absorbance at   = 234 nm increases as 
the pH decreases and remains constant in the pH  region where  MH+ is the predominant species 
in solution (Fig. 1-6). Since the absorption peak for the monoprotonated melamine ion (MH+) is 
well defined at pH 3, the quantification experiments were carried out at this pH value. Before and 
after adsorption, the melamine solutions were diluted  to 1 x 10-4 to 2 x10-4 mol/kg solution to 
ensure the absorbance was lower than 2, and 0.1M HCl added to reach a final concentration of  ~ 
0.01M HCl (pH ~ 3). Under these conditions, the absorbance is given by 
 
A() = (,MH+) C(MH+) = 9531.4 kg/mol C(MH+)     (2-9) 
 
The experimental data used for the determination of the molar absorptivity of  MH+ at 234 
nm, (234 nm,MH+) = 9531.4 kg/mol.cm, at pH~3 are shown in Fig. 2-5 along with the computed 
regression line over the experimental data points.  
 To confirm that the addition of carbon did not introduce a signficiant change in the pH of 
the solutions, the American Standard Test Method (ASTM) D 6851-02 was used to determine the 
pH of water after being in contact with carbon.  In this approach, 10 g of AC was mixed with 100 
mL of water, allowed to stir for 10 minutes and the pH of the solution was recorded. Despite most 
of the carbon floating on top of the water, the pH measured for AC was 2.5, in very good agreement 




 As VC is significantly more hydrophobic than AC, the mass of carbon used was reduced 
to 5 g, but this experiment suffered from the same errors and a pH value could not be determined. 
MC was not tested due to the mass of carbon required and the issues with the method. Instead, an 
experiment matching the melamine adsorption experiments was performed; 40 mg of carbon was 
mixed with 100 g of solution, with the pH tested before and after stiring for 24 hours. No difference 
in pH was found for any of the carbons in water or melamine solutions. Additional information 
from the manufactures for both DARCO KB-G activated carbon (AC) and Vulcan XC-72R carbon 
black (VC) can be found in Appendix 1. 
 






















































Figure 2-4: Absorbance of melamine solutions at λmax = 234 nm (MH+) vs pH. 
 















 (234 nm, MH+)= 9531.4 ± 29.5 kg/mol.cm
R2= 0.9998
 





2.4 Adsorption Isotherm Modeling 
As mentioned in the introduction, the two most commonly applied adsorption isotherm 
models in the case of glucose and other organic species on AC are the Langmuir (Eq. 1.1) and 
Freundlich (Eq. 1.3) models. In both cases, Origin Pro 2018 sotware was used to determine best 





Chapter 3 : Analysis of Carbon Characterization Results 
 
3.1 Thermogravimetric analysis  
 As described in the experimental section, the resorcinol-formaldehyde (R-F) polymer was 
carbonized at 950°C under N2, washed for 24 hours with 3 M NaOH to dissolve the SiO2 hard 
template, and washed with water to eliminate impurities. Thermograms depicting combustion of 
each carbon material are shown in Fig. 3-1. As can be seen in the MC thermogram, the majority 
of the silica present in the sample was successfully removed by the washing process, with the 2.3% 
of mass uncombusted attributed to silica remaining in the carbon. The combustion profiles of the 
materials can also be compared; MC shows a gradual loss of ~5% of its mass between 300 – 500 
°C, before a sharp combustion in the 500 – 550 °C range. VC shows a sharp combustion in the 600 
– 700 °C range, while AC shows a more gradual combustion over the range of 400 – 600 °C. By 
comparison with other studies [47, 48], the differences observed at temperatures below 500 oC are 
likely due to the elimination of oxygen as CO or other oxygen containing species, thus it is 
expected to be more pronounced in MC and AC than in VC (the more hydrophobic material), the 
combustion profile over 500 oC, however, it is surely associated to the degree of graphitization and 
presence of defects on carbon. Because of the application, VC is expected to have a higher 
combustion temperature as experimentally observed. The thermograms for AC and VC show 
excellent correlation with literature values, which report a gradual mass loss between 550 and 625 
°C, followed by a fast loss in mass above 625 °C for VC [47], while AC shows a slow mass loss 























Figure 3-1:Thermogram depicting combustion of pure carbon samples. 
 
 
3.2  Surface area, pore volume, and pore size distribution 
  Typical nitrogen adsorption/desorption isotherms for the as-received carbon material are 





















































































Relative Pressure (p/p°)  







As discussed in Section 1.2, the presence of mesopores (2 nm  to 50 nm) is evidenced by 
the hysteresis loop characteristic of capillary condensation at higher pressure [37]. This feature is 
more pronounced in MC than in VC and AC. Using the partial pressure range of 0.025 to 0.1 and 
the MicroActive software (Micrometrics TriStar II Plus instrument), BET surface areas were 
calculated as 1315 m2/g for AC, 592 m2/g for MC and 222 m2/g for VC. These values are lower 
than those obtained with the Quantachrome Nova 1200e system (1363 m2/g for AC, 499 m2/g for 
MC and 246 m2/g for VC). A comparison with published data and available information for the 
commercial materials from the manufacturers indicates that the calculated surface area values for 
Darco KB-G are lower than the value reported by the company for this material (1700 m2/g ), but 
the lack of information about the determination conditions prevent reaching any reasonable 
justification for the discrepancy. On the other hand, the values obtained for Vulcan XC-72R (246 
and 222 m2/g) are in quite good agreement with the BET areas reported in other studies [7, 18, 30] 
and by the manufacturer (~ 240 m2/g). For MC it is impossible to compare with other studies, 
because of differences in the SiO2 hard-templates, but the surface area values are quite 
reproducible and within the range of BET surface areas reported in other studies for similar 
carbons. On the other hand, the C constant values obtained from the fitting (Eq.2-1) indicate the 
presence of micropores, which is expected based on the shape of the adorption branch at lower 
pressures [37]. For this reason, both N2 and CO2 adsorption experiments were carried out to 
determine the micro and mesopore structure of the samples using the Micrometrics TriStar II Plus 
instrument. BJH analysis of the N2 desorption isotherms at 77K provided total pore volumes of 
0.83 cm3/g for AC, 2.17 cm3/g for MC and 0.45 cm3/g for VC, with average pore width at 6.2 nm, 
18.9 nm and 17.5 nm, respectively.The cumulative and incremental pore size distribution plots 




273 K, the NLDFT incremental pore size distribution plots (micropore distribution) are 
summarized in Fig. 3-3b 



















































































































Figure 3-3: Cummulative  (dashed line) and incremental (symbol/line) pore volumes for AC, 
VC, and MC: (a) BJH model results - N2 desorption at 77 K and (b) NLDFT model - CO2 






The volume in micropores (size < 5.59 Å)  obtained using the NLDFT model for AC, MC, 
and VC, were found to be 0.020 cm3/g, 0.036 cm3/g and 0.0039 cm3/g, respectively, while the total 
volume for pores with sizes ≤ 10.66 Å, were 0.075 cm3/g, 0.083 cm3/g and 0.014 cm3/g, 
respectively. The results show AC, the material with the larger surface area, has the larger content 
of micropores, while VC and MC both have a more developed mesopore structure. 
 
3.3 Carbon structure (Raman and XRD)  
 Raman spectroscopy was employed to examine the degree of order in the carbon materials. 
Fig. 3-4 shows typical Raman spectra for AC, MC, and VC. As shown, no peaks attributable to 
the O containing functional groups are observed, only the D and G bands characteristic of  these 
type of carbons. By integration of the bands after deconvolution, the ID/IG ratios were calculated 
as 1.80 (AC), 1.55 (MC) and 1.72 (VC). The differences are small and within the expected range 
for carbon black and activated carbons (0.7-1.8 [49]). Based on these results, AC presents the 
higher content of  carbon defects, while MC and VC have a more graphitic structure with a higher 
ratio of carbon-carbon bonds [50]. Also there are features in the spectra of AC that are absent in 
the case of VC and MC, such as the peak near 3200 cm-1, which is at too large a wavenumber to 
be due to the D+G combination scattering peak (2940 cm-1 [51]) and could be associated to 
presence of  C-H stretching. Treatment of each carbon for 24 hours with both water and ethanol 





















Figure 3-4: Raman spectra of AC, MC and VC, with D, G and G’ peaks labeled 
 
 XRD analysis of the carbon materials provided the spectra shown in Fig. 3-5. Both AC and 
MC show very similar diffraction patterns, with broad peaks at 24° and 42° relating to the 002, 
and the 100 (and 101) planes of graphite, respectively, which are characteristic of carbon materials 
[11, 12, 30, 52]. A small, broad peak in the 75-95° range characteristic of the 110 plane of carbon 
materials is also present in the MC sample, while the two sharper peaks at 77° and 81° in AC and 
MC are likely due to the aluminum sample pan. Similar bands are present in the case of VC, 
corresponding to the 002, 100 or 101 and 110 planes of graphite, but the peaks are better defined, 
indicating a more graphitic structure. The VC spectra is also very similar to spectra for the same 






Figure 3-5: XRD spectra of carbon materials.  
 
3.4 Carbon functional groups and surface properties 
FTIR was  employed to examine the functional group content of the carbon materials, but 
due to the high adsorption of carbon in the visible and IR regions the spectra showed to be a 
problem.  Despite this problem, several functional groups could be identified in Fig. 3-6 using 
reported data for C-H, C-C, and C-O bonds in the literature (Table 3-1) [53]. 




















































Figure 3-6: FTIR spectra of AC and VC, with select funtional groups labeled. 
 
 
Table 3-1: Expected absorption bands in the infrared region for C-H, C-C, and C-O functional 
groups [53] 
 
Functional Group IR Band Region 
cm-1 
Functional Group IR Band Region 
cm-1 
C-H Alkanes 2850 - 2970 C=C Alkenes 1610 – 1680 
C-H Alkenes 3010 – 3095 C=C Alkynes 2100 – 2260 
C-H Alkynes 3300 C=C Aromatics 1500 – 1600 
C-H Aromatics 3010 - 3100 C-O 1050 – 1300 





The quality of the spectra made a rigorous analysis and comparison between materials 
impossible. Therefore XPS was intended with the aim of getting a more accurate description of 
the functional groups on the three carbon samples, taking advantage of the good agreement 
between studies on the assignment of the peaks in the C 1s and O 1s bands [31]. Fig. 3-7 shows 
the XPS spectra for AC (the XPS spectra for VC and MC are shown in Appendix 2). These spectra 
were acquired and analyzed by Dr. Rana Sodhi (University of Toronto).  
 
 

















Figure 3-7: Activated carbon C1s XPS spectrum. Deconvolution allows the detection of  
individual functional groups. 
 
The oxygen content based on the XPS data were: 13.0 atomic% for AC, 4.9 atomic% for 




identification of surface functional groups on carbon was achieved by analysis of the C 1s peak, 
because the oxygen in esters, carboxylic acids, and anhydrides have both single and double bonds, 
and  these groups contribute to more than one signal in the deconvoluted O 1s spectra [31]. For 
oxidized CNTs, Kundu et al. [31] reported the following bands for: carbon in graphite (284.5 eV), 
carbon singly bound to oxygen in phenols and ethers such as C-O (286.1 eV), carbon doubly bound 
to oxygen in ketones and quinones (C=O at 287.5 eV), and carbon bound to two oxygens in 
carboxyls, carboxylic anhydrides and esters (-COO at 288.7 eV).  Similar values were found by 
other authors for activated carbons [54, 55]. 
 







 BE (eV) 
Terzyk [54]  
BE (eV) 
Puziy [55]  
BE (eV) 
C  284.75 284.5 284.2 – 284.9 284.3 
C-O  286.30 286.1 285.4 – 286.3 285.0 
C=O 287.79 287.5 287.2 – 287.9 286.5 
COO 290.27 288.7 288.7 – 290.8 288.5 
 
Boehm titration, a technique that is commonly used for quantification of oxygen-
containing surface groups on carbon was used due to the high precision in the determination. Also,  
it is a method that can be easily implemented in the lab, and the comparison with the XPS result 







Table 3-3: XPS O content and Boehm titration results for carbon materials. 
 










AC 13.0  342 µmol 158 µmol 17 µmol 169 µmol 
MC 4.9  --- --- --- --- 
VC 2.3  Negligible content – unable to be determined with this method 
 
3.5 Water vapour adsorption studies 
 The adsorption of water data for AC and MC are summarized in Fig 3-8; the water uptake 
in the case of VC was negligible and for this reason it has not been included. As shown, the 
adsorption data for AC reaches a plateau after approximately 4 days, with an equilibrium water 
vapour uptake of approximately 0.8 ± 0.02 mg H2O/m2. MC showed similar results but took longer 
to reach equilibrium, with an equilibrium water vapour uptake of 3.9 ± 0.2 mg H2O/m2. Both 
equilibrium values were obtained by fitting the water vapour adsorption isotherms in Fig. 3-8, with 
the Langmuir model (Eq.1.1). In the case of the MC isotherm, the error reported in the data is 
likely due to differences in the carbon adsorbent rather than the water vapour adsorption 



























Time (Hours)  
Figure 3-8: Water vapour adsorption isotherms for MC and AC at room temperature. 
 
These results are comparable to literature values [30], in which colloid-imprinted carbons 
(CICs) adsorbed between 1.6 and 2 mL/g C, and VC adsorbed ~ 0.1 mL/g C, mainly considering 
the difference in pore size distribution and surface properties between materials. Assuming a 
density of 1g/mL for water and taking the surface area of the carbons into account, these values 
are equivalent to 3.9 to 8.3 mg/m2.  This comparison evidences the hydrophobic nature of VC. 
Much less expected is the relatively low adsorption of AC, which is significantly lower than the 
CICs despite having a surface area over 3 times that of the CICs and 2 times as many O 
functional groups. This difference is likely caused by the very large pore size of the CICs, which 






Table 3-4: Water vapour sorption comparison with Li et al. [30] 
 










AC 1315 6.2 13.0 1.1 This 
work MC 592 18.9 4.9 2.3 
VC 222 17.5 2.3 --- 
VC 220 < 2 0.7 0.1  
[30] CIC-12 340 19 4.9 1.8 
CIC-22 410 25 6.3 1.8 





Chapter 4 : Results and Discussion of glucose and melamine adsorption 
studies on carbon 
 
4.1 Glucose batch adsorption results 
 As described in Chapter 2, a significant amount of time was spent trying to optimize the 
procedure for the adsorption of glucose on both AC and VC. In this thesis, the adsorption of 
glucose has been studied by two independent methods, GC and TGA. The former will provide 
actual glucose adsorption values, while the latter is interesting because it will allow calculation of  
the glucose intake, as a combination of adsorbed glucose and trapped glucose solution in the pores 
of the carbon samples. 
Glucose adsorption from GC data 
The glucose concentration in the solutions before and after adsorption on carbon was determined 
using a GC method reported by Blakeney et al. [46] for the quantification of sugars in plant fiber 
extracts. Despite the number of steps, it is a straightforward method that was expected to have the 
low detection limits, linear range, and sensitivity required for the detection of glucose at low 
concentrations. As other GC procedures, an internal standard (IS) method is used for the 
determination. Galactose was selected as IS  because it has a signal similar to the analyte,  it was 
not present in the original samples and it does not enhance the signal for glucose (Glu). The 
concentration of glucose was calculated with the following equation: 
CGlu = [(AGlu/AIS)/F] CIS         (4-1) 
where  AGlu/AIS is the ratio of the areas of the Glu and IS peaks, F is a response factor that needs 
to be determined first, and CIS is the concentration of the IS in the solutions.  F was obtained from 




solutions with a constant IS concentration (Eq. 4-2). The actual concentrations used for the 
determination can be found in Appendix 2.  
 AGlu/AIG = F (CGlu/CIS)         (4-2) 
The difference in glucose concentration before (CGlu(b)) and after adsorption (CGlu(a)), 
multipled by the mass of solution (msol) provides the moles of glucose adsorbed on carbon (moles 
Gads = [CGlu(b)-CGlu(a)] msol) if the concentration of Glucose and IS are expressed in mol/kg 
solution. These values can be used to calculated the milligrams of glucose adsorbed per gram of 
carbon (mg Glu / g C), by simply multiplying the moles Gads by the molar mass of glucose (mmGlu 
= 180.156 g/mol) expressed in mg/mol, followed by dividing by the mass of carbon (mC). 
mg Glu/g C = moles Gads mmGlu  1000 / mC       (4-3) 
The injections were carried out with an automatic injection system. Optimization of the 
GC settings revealed that the best conditions to maximize the signal-to-noise ratio were: 1 µL 
injection volume with a splitting factor of 10, a column temperature of 140 to 240 °C, and a 
temperature ramp of 20 °C/min to allow a good separation between the glucose and the  internal 
standard peaks as required for a better integration of the respective areas. Fig. 4-1 shows a typical 
chromatogram for the determination of glucose using galactose as IS. The chromatogram showed 
a peak relating to the IS at retention time 7.58 min, and a peak related to glucose at 7.92 min. 
Deconvolution and integration of the resulting peaks (AGlu and AIS) provided the information 
required to calculate the glucose concentration (CGlu) using Eq. 4-1, assuming the concentration of 
IS (CIS) in the solution is known, and F was previously determined using glucose standard solutions 






























Figure 4-1: Typical glucose chromatograms using galactose as IS (0.19 mol/kg galactose, 0.05 – 
0.5 mol/kg glucose, 1µL injection, splitting factor 10, 140 °C to 240 °C, 20°C/min ramp rate) 
 





















Initial Glucose Concentration (mol/kg)
Y = 9.898 X
R2= 0.9995
 
Figure 4-2: Glucose concentration determination - GC calibration curve using galactose as IS 
(0.19 mol/kg galactose, 0.025 – 0.4 mol/kg glucose, 1µL injection, splitting factor 10, 140 °C to 





Unfortunately, initial adsorption experiments with a carbon-to-solution ratio of 0.2 g of 
carbon per 20 mL of solution, to match the ratio found in Sun’s paper [8], were not successful 
because there was no appreciable difference between the glucose concentrations in the solutions 
before and after adsorption on carbon. As such, the mass of adsorbent was doubled to 0.4 g while 
keeping the volume of the solution constant so that the difference in concentration could be 
quantified by GC.  Experiments carried out under these conditions at 30 oC were far from optimal, 
the results showed that at low glucose concentrations the amount of glucose adsorbed to the carbon 
was small, and the difference in glucose concentration before and after adsorption within the 
magnitude of the error of the GC method. Typical values for the adsorption of glucose on AC are 
shown in Fig. 4-3.  





























Figure 4-3: Adsorption isotherms for carbon materials:  - AC,  - Foo et al. [12],  and  - 





As shown, the saturation values are within the range of previous experimental data, but 
are lower than expected based on the melamine adsorption results and the TGA results. Due to 
the error in the glucose determination, similar studies for VC were not successful, and only TGA 
results will be analyzed here. 
Glucose adsorption from TGA data 
Fig. 4-4 shows the TGA results obtained for VC. As shown, the onset temperature for the 
combustion of glucose (~ 250 - 300°C) and carbon (~ 600 - 700 °C) are well apart from each other, 
allowing a good quantification. A similar pattern was observed in the case AC with the combustion 
of carbon in the 400 – 600 °C range (not shown).  






























Figure 4-4: Thermograms of glucose adsorbed to VC samples separated by suction filtration. 
Thermogravimetric analysis conditions: ~ 10 mg of sample, extra dry air, 50 mL/min flow rate, 





The glucose content in each sample expressed as weight percent (wt%Glu) was determined 
by the difference in mass percent before and after the combustion of glucose. From these values, 
the glucose content in the carbon samples expressed in milligrams of glucose per gram of carbon 
(mg Glu/ g C) was calculated using the equation: 
 
mgGlu/gC  = (wt%Glu/100) . 1000. mS / (mS –wt%Glu)      (4-4) 
 
where mS is the mass of sample used in the TGA experiment and the other terms were previously 
defined. Knowing the mass of glucose present in the solid phase also allowed the determination of 
the equilibrium concentration of glucose in solution (gGlu/gsol).  
 
Cequilibrium(gGlu/gsol) = [(CGlu(b). msol).mmGlu – ((mgGlu/gC).mC/1000)]/msol   (4-5) 
 
where CGlu(b), msol, mmGlu, and mgGlu/gC were previousy defined. It should be noted that this 
equilibrium concentration is technically incorrect, as any solution that may be trapped in the pores 
and voids of the carbon material will be included in TGA results. However, similar to Chinn and 
King’s work [3], if we employ the assumption that all material that remains in the carbon solids 
after filtration is treated as adsorbed, then the comparison is still possible. 
The glucose content on the carbon samples in mg glucose per gram of carbon vs the 































































Figure 4-5: Glucose adsorption isotherms for AC (top) and  VC (bottom) at 30 °C (carbon-to-
solution ratio = 1:25) from TGA data. Literature isotherm reported by Chinn and King [3] 




For AC, the values are higher than expected based on other studies in Table 1-1, but the 
experimental data seems to begin reaching saturation at ~ 0.33 mol/kg, something that it is not 
observed in the case of  VC.  For AC, Langmuir fitting of the adsorption data provides a monolayer 
adsorption of 440 ± 43 mg/g for AC, which is also significantly larger than other reported  values, 
but still plausible for this system. In the case of VC, the observed linear dependence with the 
glucose concentration in solution is a confirmation that glucose sorption in the pore structure of 
the solid is playing a major role in the results, and the Langmuir model cannot be used to describe 
the experimental data. 
To confirm that these high values are not artificially increased by the combustion of 
glucose causing the premature combustion of carbon, carbon-glucose samples were prepared by 
mechanically mixing known amounts of adsorbent and absorbate and the glucose content 
determined using TGA (Fig. 4-6).  
 







For samples with 85 wt% carbon and 15 wt% glucose, TGA results for VC are exactly as 
expected with a glucose loading of 14.9 wt% while those for AC were close to the nominal value 
at 13.5 wt%. This experiment confirmed the glucose loading values obtained with TGA. 
As mentioned above, Chinn et al. [3] who studied this system in the past, adopted as 
convention that any material retained by the solid after centrifugation should be considered as 
adsorbed phase whereas the rest is part of the bulk solution, because centrifugation removes most 
of the interstitial fluid between particles while retaining the liquid held in the pores. This might 
apply in some materials with small pore size distribution, but this study shows there is not a good 
correlation between the glucose contents obtained by TGA and GC. Large mesopores and 
macropores had to be responsible for the extremely large glucose content on the VC samples when 
compared with AC and also explains why at lower concentrations the deviation from expected 
behavior based on previous data is low, as the trapped solution contains little glucose, and why the 
deviation from expected values increases almost linearly as the concentration of glucose in the 
solution increases. Though VC has a smaller BJH pore volume than AC, it is also much more 
hydrophobic, which may lead to aggregation of carbon with large void spaces between the particles 
in aqueous solution. In addition, AC has a larger contribution of small pores (< 10 nm) when 
compared with VC, as illustrated in Fig. 3-3 [56].  
As shown in  Fig. 4-7 where the glucose content per gram of carbon is plot against the 
glucose equilibrium concentration for VC,  the amount of glucose retained by the solid phase is 
almost independent of the separation method used. Even experiments where the solids were 
recovered by centrifugation-filtration and subsequent washing with a small volume of isopropanol 




Despite the fact that fitting the TGA results to the Langmuir isotherm does not seem 
reasonable, the results proved to be quite interesting since they show it would be possible to get 
additional information about the sorption capabilities of materials and their texture from 
thermogravimetric data.  For instance in this case, if micropores do not play a significant role in 
the adsorption process, because the estimated size of the glucose molecule (without considering 
solvation) is  ~ 72 Å2 [57] and the  BJH volume due to mesopores is known from N2 adsorption 
experiments, then the glucose intake can  provide valuable information about the large 
mesorporous/macroporous structure of the carbon materials. 
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Figure 4-7: Adsorption isotherm for VC, determined by TGA on carbon samples obtained using 
different phase separation techniques. Literature isotherms presented from Foo et al. [12] and 




4.2 Melamine adsorption studies 
As discussed in the introduction, there are several reasons for studying the adsorption of 
melamine on carbon materials, from applications in water treatment and materials science [26], to 
fundamental studies aimed to investigate the structural and electronic properties of assemblies of 
functional molecules on 2D-carbon such as graphene [39].  Melamine, a nitrogen-rich molecule, 
with a well-defined adsorption peak in the UV region (Fig. 2-3) is an excellent molecule for 
adsorption studies because the molar absorptivity coefficient for the protonated molecule (acid 
conditions) is high, and therefore, dilute solutions can be easily analyzed with this technique. As 
shown in Fig. 2-5, in the concentration range 1 x 10-5 to 2 x 10-4 mol/kg, the Lambert-Beer law is 
satisfied. The concentration range is in good agreement with the concentration region explored in 
other adsorption studies for different solutes (see Tables 1-1 and 1-2). Although kinetics 
experiments showed that adsorption of melamine to AC reached equilibrium in less than an hour, 
adsorption experiments were allowed to stir for at least 4 days to ensure equilibrium was reached.  
The adsorption of  melamine in AC, MC and VC was examined in both alkaline (0.01M 
NaOH, ~ pH =12) and acidic (0.01M HCl, ~ pH=2) solutions. The resulting isotherms are 
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Figure 4-8: Adsorption isotherms for melamine on AC, MC and VC at 30 °C in 0.01 M NaOH 




The isotherms in Fig.4-8 show clear and significantly higher adsorption in alkaline media 
than in acid solutions at similar melamine concentration, indicating that protonated melamine has 
less affinity for carbon than the neutral molecule. This trend is expected as the interaction between 
melamine and the carbon adsorbate is a ring to ring interaction between the C-N ring of melamine 
and the carbon surface (Fig. 4-9), with lone pair – π interactions between the nitrogen atoms and 
the carbon surface playing a crucial role in stabilizing the system [14]. Protonating the melamine 
molecule would make the interaction between the melamine molecule and the carbon surface more 
unfavourable, destabilizing the system, even though acidic functional groups on carbon are 
expected to be protonated at this pH value. Also, differences in solvation between the protonated 
and unprotonated melamine species could be a major contributor to the differences in the melamine 
loadings observed in acid and alkaline media. 
 
Figure 4-9: DFT simulation results for the optimization of melamine adsorption sites. Sites a, b 
and d were determined to be most favorable. Reprinted from Quesne-Turin et al., Superlattices 
and Microstructures, 105, 139, 2017, “First-principles investigation of the structural and 
electronic properties of self-assemblies of functional molecules on graphene” 




Also, it is apparent that the higher melamine uptake at low concentrations by MC (Fig. 4-
8) results in a more H like isotherm (Fig. 1-4) according to Giles categorization [38], while AC 
has a more gradual increase in melamine uptake as concentration increases, more like a L type 
isotherm. Though this cannot be used to decisively analyze the isotherms, it does indicate that MC 
likely has a higher affinity for melamine than AC does, likely due to its textural properties (large 
surface area and content of mesopores), as well as, a smaller O-functional group content; a similar 
behavior is observed in the case of VC. In the case of  AC, the content of micropores and small 
mesopores, and the relatively high number of surface O-functional groups are expected to 
negatively impact the surface access and affinity for melamine. 
The isotherms obtained in alkaline media are shown in the linearized form in Fig. 4-10. 
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Figure 4-10: Linear Langmuir plots for the adsorption isotherms for melamine in 0.01 M NaOH 





Because of the difficulties in synthesizing the amount of material required for the 
adsorption studies, the adsorption of melamine on MC in acid media was performed only once. 
Nevertheless the adsorption values are still significantly smaller than those obtained in alkaline 
media. The Langmuir model fitting results obtained using Eq. 1-1 and 1-3 are comparable within 
the combined experimental error in the coefficients, then only those obtained by using the non-
linear form of the equation are reported in Table 4-1. The experimental data were also fit with the 
Freundlich model to be able to compare with other studies. 
Table 4-1:Langmuir (Eq, 1-1) and Freundlich (Eq. 1-4) fitting parameters for melamine 
adsorption on AC, MC and VC in acid and alkaline media at 30 °C. 
 
Carbon Melamine Adsorption (acid media) Melamine Adsorption (alkaline media) 











AC 71.2 ± 11.3 200.8 ± 56.4 0.94 208.7 ± 21.5 232.6 ± 44.9 0.97 
MC 20.2 ± 3.0 1268.3 ± 852.8 0.90 135.0 ± 4.0 1682.9 ± 201.1 0.98 
VC 39.9 ± 5.4 257.7 ± 68.4 0.94 56.4 ± 4.9 1497.6 ± 549.1 0.64 
 Freundlich Model 
 KF 
(mg/gC) 
n r2 KF 
(mg/gC) 
n r2 
AC 924.2 ± 231.0 0.616 ± 0.045 0.96 2620.7 ± 439.7 0.596 ± 0.030 0.98 
MC 108.6 ± 79.0 0.350 ± 0.129 0.77 685.2 ± 96.8 0.321 ± 0.024 0.97 




An analysis of the Langmuir model results summarized in Table 4-1 show the expected 
trends in terms of Q0 values, the amount of melamine required for the formation of a monolayer 
of melamine on carbon per gram of sorbent decreases as the BET surface area of the materials 
decreases (1315 m2/g, 592 m2/g, and 222 m2/g for AC, MC, and VC, respectively). Due to the 
significant difference in surface area between materials, it is not surprising that normalization by 
surface area significantly changes this trend (Fig. 4-12). In alkaline media, the monolayer 
saturation values per m2 of adsorbent material are: 0.15, 0.23, and 0.23 mg melamine/m2 C, for 
AC, MC, and VC, respectively. As stated before, the higher adsorption values for VC and MC can 
be assigned to  the low oxygen content (XPS), in good agreement with the pattern observed for 
other solutes on activated carbon material after heat treatment, including glucose [3, 30], and a 
more developed mesopore structure. AC, with a significantly higher oxygen content and 

































Figure 4-11: Adsorption isotherms for melamine in 0.01 M NaOH on AC, MC and VC at 30 °C  
(Fig. 4-8) normalized by carbon surface area.  
 
In terms of the other Langmuir parameters in Table 4-1, the higher the Kads constant, the 
higher the affinity of  that particular carbon for melamine. The results match the shape of the 
isotherms, as MC and VC both have very large Kads values, indicating a higher affinity for 
melamine than AC, and show a H type isotherm shape in Fig. 4-11 [38]. The adsorption constants 
values were used to calculate the Gibbs energy of adsorption (∆Gads) using Eq. 4-6. 




where R and T are the gas constant (8.314 J/K mol) and temperature (K), respectively. The values 
obtained for the three studied carbon materials are summarized in Table 4-2. The adsorption 
process is favourable in both acid and alkaline medium as reflected by the large negative Gibbs 
energy values. 
Table 4-2: Thermodynamic data for the adsorption of melamine on carbon materials at 30°C. 
 
System ∆Goads (kJ/mol) Kads (kg/mol) 
Alkaline media 
AC-Melamine -13.7 232.6 
MC-Melamine -18.7 1682.9 
VC-Melamine -18.4 1497.6 
Acid media 
AC-Melamine -13.4 200.8 
MC-Melamine -18.0 1268.0 
VC-Melamine -14.0 257.7 
 
4.3 Monolayer loading comparison with other studies (STM) 
 
 The monolayer adsorption uptake for melamine can be estimated using STM data for the 





Figure 4-12: a) Large scale STM image, b) High resolution STM image and c) Molecular model 
of a melamine layer adsorbed on graphite. Reprinted from Zhang et al, Phys. Chem. Chem. Phy. 
by Royal Society of Chemistry (Great Britain), 11, 7708, 2009. “Self-assembly and aggregation 
of melamine and melamine–uric/cyanuric acid investigated by STM and AFM on solid surfaces” 
Copyright (2019), with permission of ROYAL SOCIETY OF CHEMISTRY in the format 
Thesis/Dissertation via Copyright Clearance Center. 
 
Based on this study, the size of the 2D unit cell (Fig. 4-12 c) for melamine is 1.1 nm by 1.1 
nm (or equivalent to 1.21 x 10-18 m2).  Therefore the surface area of carbon (SBET) divided by this 
area provides the theoretical maximum number of molecules of melamine adsorbed per gram 
carbon, which can then be converted to miligrams per gram of carbon by dividing by Avogadro’s 
number (NA) and the molar mass of melamine (126.12 g/mol expressed in mg): 
        (4-7) 
 
 
 This calculation cannot be strictly extrapolated to the carbon materials involved in this 
study, due to the oversimplified assumption that the carbon surface is one continuous graphene 
plane. Nevertheless, there was a very good agreement between  the calculated monolayer values 
and those obtained from the Langmuir fitting results in alkaline media (see for instance Table 4-
3). In acid media, melamine will be protonated (MH+) and it is impossible to make any further 




Table 4-3:Langmuir monolayer uptake of melamine in 0.01 M HCl and NaOH, compared with 
values calculated based on the size of a melamine unit cell. 
 
Carbon Surface Area 
(m2/g) 
Langmuir Monolayer 
(Melamine in HCl) 
Langmuir Monolayer 
(Melamine in NaOH) 
Calculated Melamine 
Monolayer 
AC 1315 71 mg/g 209 mg/g 228 mg/g 
MC 592 20 mg/g 135 mg/g 102 mg/g 
VC 222 40 mg/g 56 mg/g 38 mg/g 
 
 Though there is no literature data to compare melamine adsorption results to, the 
determination of melamine adsorption onto carbon materials by UV-Visable spectroscopy was 
much more successful than the glucose adsorption experiments, producing replicatable isotherms 
that fit well with the adsorption models, and are very close to estimated values using STM data. 
The first and most pressing piece of future work is to complete the pending experiments for 
melamine adsorption on MC in acidic media and Boehm titration of MC. It will also be of interest 
to run the adsorption experiments at two or more different temperatures, so that thermodynamic 





Chapter 5 : Conclusions and Future Work 
 
 This study examined the adsorption of two small molecules, glucose and melamine, to 
three carbon materials; Darco KB-G, an activated carbon used for purification in pharmaceutical 
and food applications, Vulcan XC-72R, a carbon black primarily used in polymer electrolyte 
membrane fuel cells and electrochemical studies in the field of catalysis, and a mesoporous carbon 
synthesized from a resorcinol-formaldehyde resin, which employed both hard and soft templates 
to provide a highly porous material. Characterization of the carbon materials was performed using 
BET and BJH analysis of N2 adsorption/desorption isotherms, FTIR and Raman spectroscopy, 
powder XRD, XPS, water vapour sorption experiments and Boehm titration. 
 The adsorption of glucose was examined using both gas chromatography and 
thermogravimetric analysis, while melamine adsorption was studied using UV-visible 
spectroscopy. The effect of different phase separation techniques on TGA results was analyzed, as 
was the impact of solution pH on melamine adsorption results. Melamine adsorption isotherms 
were fit with both Langmuir and Freundlich models, and are the first reported values for the 
adsorption of melamine to carbon, to the best of our knowledge. One previous study “Adsorption 
of melamine from aqueous solutions on activated carbons” by Arakelyan et al. was found in the 
literature review, but the publication in question (Promyshlennost Armenii, 1973) was not 
available through the means available to us. Estimated monolayer loadings for melamine were 
calculated based on the size of the molecule and the surface area of the carbon, and compared with 
experimental and literature values. 
 Glucose adsorption results obtained via GC analysis provided results within the range of 




before and after adsorption was close to the error of the method. For that reason, the Langmuir 
monolayer glucose uptake for AC should be taken with care. In the case of VC, the results were 
inconclusive. On the other hand, TGA analysis of the glucose adsorbed carbon samples showed a 
good separation between the combustion temperatures of glucose and carbon, allowing a clear 
determination of the amount of glucose remaining in the carbon material. Isotherms derived from 
this data provided higher than expected values highlighting the relevance of the porous structure 
of the mesoporous materials in the solute uptake values. VC results showed a linear relationship 
between equilibrium glucose concentration and glucose uptake. It was hypothesized that these 
higher than expected loadings were due to excess solution becoming trapped in the pores and void 
spaces of the carbon materials, resulting in a measurement of sorbed glucose rather than adsorbed 
glucose.  This finding is interesting, as the sorbed glucose present in the carbon is the combination 
of the glucose adsorbed to the carbon and the glucose from solution trapped in the pores and voids 
of the material. As the glucose molecule is too large to fit into micropores smaller than 1 nm, this 
trapped solution exists in the mesopores and macropores of the carbon structure, with a 
concentration equal to the equilibrium concentration of solution. Thus if the mesopore volume is 
known from BET analysis information about the macroporosity of the material can be determined. 
This application was not examined in this work due to time constraints, but offers excellent 
opportunities for future work. 
Melamine adsorption results show a clear increase in adsorption values in alkaline solution, 
with Langmuir monolayer uptakes significantly larger than in acidic solution. This opens another 
interesting avenue for future work, as if the carbons adsorb less melamine in acidic solution, it 
may be possible to release adsorbed melamine from carbon by first adsorbing in alkaline media, 




the excess melamine has been released in acidic solution the carbon could be collected and used 
again to adsorb melamine from alkaline solution. More research into this potential application is 
required, but it could lead to a simple and reusable adsorbent to remove melamine from solution, 
which could have applications such as purifying milk tainted with melamine as in the 2008 Chinese 
milk scandal [59]. 
When comparing the adsorption isotherms for the three carbons in alkaline media, it was 
verified that the Langmuir monolayer uptakes follow the trend of surface area; AC has the largest 
surface area. This trend is as expected, as materials with a greater surface area usually contain 
more adsorption sites, increasing the amount of material that can be adsorbed.  However, the 
surface normalized adsorption values showed VC and MC have a hgher affinity for melamine, but 
only MC is likely to find application as an absorbent due to the significantly higher surface area. 
Supporting this finding, it has been noted in the literature that high O content in the carbons 
decreases the loading of adsorbent by causing competitive adsorption of water [3]. 
This offers even more room for growth of the experiment, as the same paper that reported 
this phenomena [3] shows that oxidative treatment of the carbon material decreases the Langmuir 
monolayer uptake by adding more functional groups, while heat treatment of the carbon increases 
monolayer uptake by removing functional groups. The MC synthesized in this work shows a high 
surface area and porous structure, with one of the reasons for this being that the silica hard template 
is not removed until after the carbonization procedure to prevent the pores from collapsing. A 
higher temperature heat treatment could not be employed due to instrument limitations, but for 
future work it may be considered as a way to decrease the functional group content of the MC 
without decreasing the surface area or porosity significantly. This would result in a material with 




be able to adsorb a very large amount of adsorbate. Additionally, the MC synthesis could be 
employed using silica hard-templates of different sizes, in order to examine in further detail how 
the pore size and pore volume affect the adsorption properties of the material. 
In conclusion, though surface area is still the main factor in determining the adsorption 
capacity of a material, both pore size and functional group content play a very significant role, and 
the MC synthesized herein could be tuned to adsorb a very large amount of melamine or similar 
molecules from solution, by tunning the surface area and texture of the adsorbent material, by 
using different organic gels (which may change the functional groups present on the material), and 
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Appendix I – Carbon Additional Characterization Data 
 









Darco KB-G Activated Charcoal, Sigma Aldrich specification sheet 
 





Vulcan XC-72R, Fuelcell Store sales specifications 
 





Appendix II – Experimental Data 
 
























0.00E+00 99.97 0.0397 0.00E+00 0.0124 0.00 0.00 0.00E+00 
1.97E-04 100.06 0.0405 1.97E-04 1.7513 0.18 4.51 1.83E-04 
5.83E-04 100.09 0.0424 1.18E-04 1.1002 0.40 9.35 5.52E-04 
7.79E-04 100.33 0.0376 1.28E-04 1.2029 0.46 12.16 7.43E-04 
9.72E-04 100.09 0.0652 1.33E-04 1.2092 0.88 13.47 9.02E-04 
1.47E-03 100.10 0.0341 1.23E-04 1.1707 0.64 18.74 1.42E-03 
1.95E-03 106.58 0.0459 1.61E-04 1.5202 0.96 20.94 1.88E-03 
2.43E-03 100.10 0.0521 2.00E-04 1.8692 1.14 21.93 2.34E-03 
2.91E-03 99.90 0.0539 1.20E-04 1.1330 1.48 27.46 2.80E-03 
3.40E-03 101.73 0.0535 1.35E-04 1.2794 1.51 28.19 3.28E-03 
4.05E-03 100.16 0.0337 1.86E-04 1.7786 1.15 34.23 3.96E-03 
4.83E-03 100.39 0.0630 2.22E-04 2.0657 2.23 35.40 4.66E-03 
5.83E-03 99.58 0.0475 1.49E-04 1.4214 2.45 51.51 5.64E-03 


























0.00E+00 101.67 0.0553 0.00E+00 0.0104 0.00 0.00 0.00E+00 
1.97E-04 104.47 0.0449 1.97E-04 1.7503 0.19 4.22 1.83E-04 
5.83E-04 101.74 0.0299 1.20E-04 1.1227 0.34 11.28 5.57E-04 
7.79E-04 100.26 0.0438 1.30E-04 1.2167 0.49 11.30 7.40E-04 
9.72E-04 100.30 0.0407 1.26E-04 1.1799 0.54 13.20 9.29E-04 
1.47E-03 100.10 0.0438 1.17E-04 1.1050 0.75 17.07 1.41E-03 
1.95E-03 105.88 0.0516 1.80E-04 1.6838 1.03 19.90 1.87E-03 
2.43E-03 99.89 0.0616 2.14E-04 1.9712 1.50 24.43 2.31E-03 
2.91E-03 101.01 0.0570 1.19E-04 1.1257 1.41 24.79 2.80E-03 
3.40E-03 99.97 0.0526 1.53E-04 1.4474 1.52 28.98 3.28E-03 
4.05E-03 100.31 0.0561 1.68E-04 1.5882 1.64 29.27 3.92E-03 
4.83E-03 100.08 0.0384 2.00E-04 1.8984 0.98 25.40 4.75E-03 
5.83E-03 100.66 0.0493 1.40E-04 1.3391 2.43 49.26 5.64E-03 




























0.00E+00 100.05 0.0246 0.00E+00 0.0131 0.00 0.00 0.00E+00 
1.97E-04 100.22 0.0394 1.97E-04 1.8125 0.10 2.61 1.89E-04 
5.83E-04 100.01 0.0397 1.18E-04 1.1219 0.23 5.71 5.65E-04 
7.79E-04 99.85 0.0340 1.30E-04 1.2479 0.28 8.33 7.56E-04 
9.72E-04 100.01 0.0359 1.20E-04 1.1516 0.34 9.46 9.45E-04 
1.47E-03 100.20 0.0425 1.22E-04 1.1679 0.59 13.81 1.42E-03 
1.95E-03 104.35 0.0452 1.56E-04 1.5092 0.35 7.76 1.92E-03 
2.43E-03 100.17 0.0452 2.06E-04 1.9517 0.81 17.86 2.36E-03 
2.91E-03 103.74 0.0423 1.23E-04 1.1808 1.00 23.71 2.84E-03 
3.40E-03 100.35 0.0402 1.44E-04 1.3801 0.99 24.71 3.32E-03 
4.05E-03 100.35 0.0459 1.75E-04 1.6751 1.21 26.44 3.95E-03 
4.83E-03 100.48 0.0500 2.01E-04 1.9245 0.62 12.49 4.78E-03 
5.83E-03 101.77 0.0517 1.14E-04 1.1034 1.46 28.17 5.72E-03 
























0.00E+00 100.08 0.0343 0.00E+00 0.0086 0.00 0.00 0.00E+00 
1.97E-04 100.94 0.0315 1.97E-04 1.8096 0.10 3.22 1.89E-04 
5.83E-04 100.40 0.0526 1.17E-04 1.0985 0.29 5.60 5.60E-04 
7.79E-04 99.86 0.0357 1.30E-04 1.2332 0.30 8.43 7.55E-04 
9.72E-04 100.95 0.0389 1.22E-04 1.1656 0.32 8.30 9.47E-04 
1.47E-03 99.94 0.0400 1.18E-04 1.1303 0.44 11.04 1.43E-03 
1.95E-03 104.41 0.0463 1.61E-04 1.5331 0.60 12.96 1.90E-03 
2.43E-03 99.96 0.0465 2.08E-04 1.9656 0.73 15.64 2.37E-03 
2.91E-03 100.89 0.0380 1.36E-04 1.3109 0.71 18.67 2.86E-03 
3.40E-03 99.88 0.0275 1.55E-04 1.4894 0.63 23.07 3.35E-03 
4.05E-03 100.40 0.0360 1.69E-04 1.6198 0.90 25.03 3.98E-03 
4.83E-03 101.19 0.0646 2.08E-04 1.9640 1.26 19.55 4.73E-03 
5.83E-03 101.92 0.0375 1.29E-04 1.2482 1.49 39.82 5.72E-03 

































0.00E+00 101.55 0.0431 0.00E+00 0.0301 0.00 0.00 0.00E+00 
2.04E-04 100.10 0.0393 1.68E-04 1.4010 0.81 20.54 1.41E-04 
6.12E-04 100.02 0.0395 1.23E-04 1.0565 1.07 27.20 5.26E-04 
8.15E-04 100.05 0.0322 1.33E-04 1.1802 1.13 35.11 7.25E-04 
1.01E-03 100.15 0.0383 1.24E-04 1.0902 1.54 40.09 8.87E-04 
1.52E-03 100.16 0.0567 1.20E-04 1.0194 2.88 50.82 1.29E-03 
2.03E-03 104.18 0.0498 1.67E-04 1.4637 3.04 61.12 1.80E-03 
2.53E-03 100.08 0.0538 2.17E-04 1.8788 3.53 65.57 2.25E-03 
3.03E-03 99.90 0.0390 1.23E-04 1.1212 3.29 84.24 2.77E-03 
3.55E-03 100.88 0.0294 1.48E-04 1.3787 2.92 99.21 3.32E-03 
4.05E-03 100.00 0.0389 1.63E-04 1.4857 4.01 103.14 3.73E-03 
5.04E-03 99.90 0.0439 1.98E-04 1.7987 4.42 100.69 4.69E-03 
6.11E-03 101.69 0.0420 1.22E-04 1.1335 5.52 131.33 5.68E-03 
























0.00E+00 100.05 0.0480 0.00E+00 0.0308 0.00 0.00 0.00E+00 
2.04E-04 99.95 0.0509 1.68E-04 1.3649 0.85 16.77 1.37E-04 
6.12E-04 100.02 0.0473 1.23E-04 1.0375 1.21 25.57 5.16E-04 
8.15E-04 100.02 0.0324 1.34E-04 1.1921 1.07 33.11 7.30E-04 
1.01E-03 100.07 0.0442 1.24E-04 1.0728 1.70 38.53 8.74E-04 
1.52E-03 99.99 0.0457 1.23E-04 1.0745 2.36 51.64 1.33E-03 
2.03E-03 103.29 0.0381 1.72E-04 1.5496 2.29 60.13 1.85E-03 
2.53E-03 100.01 0.0466 2.13E-04 1.8771 3.04 65.33 2.29E-03 
3.03E-03 100.07 0.0420 1.23E-04 1.1193 3.37 80.18 2.76E-03 
3.55E-03 100.03 0.0381 1.49E-04 1.3675 3.48 91.23 3.27E-03 
4.05E-03 100.05 0.0396 1.65E-04 1.5191 3.67 92.73 3.76E-03 
5.04E-03 100.17 0.0403 2.04E-04 1.8741 3.80 94.40 4.74E-03 
6.11E-03 100.15 0.0497 1.29E-04 1.1925 5.69 114.50 5.66E-03 




























0.00E+00 100.00 0.0348 0.00E+00 0.0146 0.00 0.00 0.00E+00 
2.04E-04 100.06 0.0386 1.64E-04 1.2613 0.92 23.91 1.31E-04 
6.12E-04 100.01 0.0273 1.25E-04 1.0904 0.72 26.24 5.55E-04 
8.15E-04 101.71 0.0405 1.33E-04 1.1277 1.15 28.50 7.25E-04 
1.01E-03 100.22 0.0487 1.22E-04 1.0308 1.53 31.41 8.88E-04 
1.52E-03 102.42 0.0381 1.21E-04 1.0784 1.33 34.96 1.42E-03 
2.03E-03 104.79 0.0290 1.65E-04 1.5040 1.00 34.35 1.95E-03 
2.53E-03 100.05 0.0484 2.34E-04 2.0337 1.91 39.45 2.38E-03 
3.03E-03 100.88 0.0386 1.21E-04 1.1041 1.76 45.69 2.89E-03 
3.55E-03 100.61 0.0442 1.43E-04 1.3053 1.86 42.17 3.40E-03 
4.05E-03 100.00 0.0408 1.61E-04 1.4730 1.91 46.92 3.90E-03 
5.04E-03 101.82 0.0512 2.03E-04 1.8261 1.85 36.04 4.89E-03 
6.11E-03 101.75 0.0366 1.26E-04 1.1742 1.88 51.31 5.96E-03 

























0.00E+00 100.08 0.0343 0.00E+00 0.0086 0.00 0.00 0.00E+00 
1.97E-04 100.94 0.0315 1.97E-04 1.8096 0.10 3.22 1.89E-04 
5.83E-04 100.40 0.0526 1.17E-04 1.0985 0.29 5.60 5.60E-04 
7.79E-04 99.86 0.0357 1.30E-04 1.2332 0.30 8.43 7.55E-04 
9.72E-04 100.95 0.0389 1.22E-04 1.1656 0.32 8.30 9.47E-04 
1.47E-03 99.94 0.0400 1.18E-04 1.1303 0.44 11.04 1.43E-03 
1.95E-03 104.41 0.0463 1.61E-04 1.5331 0.60 12.96 1.90E-03 
2.43E-03 99.96 0.0465 2.08E-04 1.9656 0.73 15.64 2.37E-03 
2.91E-03 100.89 0.0380 1.36E-04 1.3109 0.71 18.67 2.86E-03 
3.40E-03 99.88 0.0275 1.55E-04 1.4894 0.63 23.07 3.35E-03 
4.05E-03 100.40 0.0360 1.69E-04 1.6198 0.90 25.03 3.98E-03 
4.83E-03 101.19 0.0646 2.08E-04 1.9640 1.26 19.55 4.73E-03 
5.83E-03 101.92 0.0375 1.29E-04 1.2482 1.49 39.82 5.72E-03 






























0.00E+00 99.96 0.0396 0.00E+00 0.0094 0.00 0.00 0.00E+00 
5.10E-05 100.04 0.0426 4.12E-05 0.1580 0.45 10.60 1.52E-05 
1.03E-04 99.94 0.0308 8.33E-05 0.4726 0.56 18.30 5.80E-05 
2.05E-04 99.99 0.0352 1.66E-04 1.0071 0.98 27.76 1.28E-04 
6.02E-04 100.10 0.0529 1.20E-04 0.7662 2.67 50.51 3.90E-04 
8.06E-04 100.04 0.0348 1.29E-04 0.9821 2.26 65.06 6.27E-04 
1.01E-03 102.99 0.0404 1.22E-04 0.9297 2.87 70.93 7.85E-04 
1.51E-03 100.13 0.0352 1.21E-04 1.0017 2.88 81.88 1.28E-03 
2.01E-03 100.05 0.0430 1.68E-04 1.3880 3.91 90.97 1.70E-03 
3.01E-03 100.13 0.0367 1.19E-04 1.0557 3.66 99.75 2.72E-03 
4.01E-03 100.06 0.0198 1.65E-04 1.5352 2.33 117.83 3.83E-03 
5.01E-03 100.02 0.0516 2.05E-04 1.8063 5.41 104.86 4.59E-03 
6.02E-03 100.67 0.0509 1.22E-04 1.1032 5.73 112.54 5.57E-03 

























0.00E+00 101.57 0.0715 0.00E+00 0.0143 0.00 0.00 0.00E+00 
5.10E-05 100.77 0.0433 4.11E-05 0.1471 0.48 10.98 1.36E-05 
1.03E-04 100.00 0.0254 8.17E-05 0.4919 0.53 20.74 6.10E-05 
2.05E-04 100.73 0.0408 1.64E-04 0.8638 1.21 29.57 1.10E-04 
6.02E-04 100.32 0.0321 1.20E-04 0.8731 2.00 62.21 4.44E-04 
8.06E-04 100.70 0.0475 1.33E-04 0.8917 3.28 69.01 5.48E-04 
1.01E-03 106.51 0.0305 1.31E-04 1.0513 2.46 80.59 8.23E-04 
1.51E-03 100.08 0.0363 1.31E-04 1.0449 3.52 96.93 1.23E-03 
2.01E-03 102.07 0.0460 1.64E-04 1.3202 4.65 101.11 1.64E-03 
3.01E-03 100.05 0.0411 1.24E-04 1.0702 4.71 114.54 2.64E-03 
4.01E-03 100.74 0.0295 1.68E-04 1.5292 3.44 116.48 3.74E-03 
5.01E-03 101.07 0.0388 2.10E-04 1.8819 4.75 122.36 4.64E-03 
6.02E-03 101.73 0.0475 1.23E-04 1.1089 6.31 132.77 5.53E-03 




























ACB 1 0.00 0.0000 0.0000 0.1887 0.7639 19.8530 605.38 0.00 0.00 0.00 
ACB 2 0.00 0.0000 0.0000 0.1887 0.7639 19.8530 574.98 0.00 0.00 0.00 
AC 3 1 1.92 0.0595 0.0094 0.1887 0.7631 19.9615 596.46 303.77 0.51 44.37 
AC 3 2 1.92 0.0595 0.0073 0.1887 0.7631 19.9615 697.41 370.23 0.53 34.37 
AC 4 1 1.89 0.0788 0.0068 0.1887 0.7647 20.0015 576.74 415.17 0.72 31.97 
AC 4 2 1.89 0.0788 0.0060 0.1887 0.7647 20.0015 662.50 482.27 0.73 28.15 
AC 5 1 1.94 0.0982 0.0089 0.1887 0.7534 20.0191 625.64 572.66 0.92 42.82 
AC 5 2 1.94 0.0982 0.0082 0.1887 0.7534 20.0191 626.75 578.65 0.92 39.12 
AC 6 1 0.98 0.1185 0.0100 0.1887 0.7999 20.0665 671.54 377.47 0.56 45.21 
AC 6 2 0.98 0.1185 0.0116 0.1887 0.7999 20.0665 642.88 356.00 0.55 52.48 
AC 7 1 0.96 0.1340 0.0121 0.1887 0.7643 20.0691 618.94 382.41 0.62 57.14 
AC 7 2 0.96 0.1340 0.0119 0.1887 0.7643 20.0691 538.77 333.40 0.62 56.24 
AC 8 1 0.95 0.1543 0.0140 0.1887 0.7890 20.1173 661.73 467.53 0.71 64.47 
AC 8 2 0.95 0.1543 0.0113 0.1887 0.7890 20.1173 658.15 474.07 0.72 51.92 
AC101 0.97 0.1948 0.0175 0.1887 0.7862 20.1409 591.05 540.75 0.91 80.97 
AC102 0.97 0.1948 0.0127 0.1887 0.7862 20.1409 607.86 571.43 0.94 58.49 
AC131 0.96 0.2587 0.0275 0.1887 0.8145 20.2260 621.09 730.31 1.18 123.17 
AC132 0.96 0.2587 0.0186 0.1887 0.8145 20.2260 614.50 750.38 1.22 83.36 
AC161 0.99 0.3181 0.0302 0.1887 0.7717 20.2344 605.66 913.93 1.51 142.49 
AC162 0.99 0.3181 0.0269 0.1887 0.7717 20.2344 547.48 835.52 1.53 127.05 
AC192 0.99 0.3945 0.0255 0.1887 0.7624 20.4396 673.32 1305.47 1.94 123.13 
AC221 0.97 0.4738 0.0241 0.1887 0.7800 20.5110 711.53 1647.93 2.32 114.10 
AC222 0.97 0.4738 0.0144 0.1887 0.7800 20.5110 644.34 1524.61 2.37 68.00 














on Carbon (mg/g) 
ACStd 1 0.0209 4.69 0.8536 0.0093 49.17 
ACStd 3 0.0595 7.39 0.8443 0.0408 79.85 
ACStd 4 0.0788 9.34 0.7801 0.0567 103.03 
ACStd 6 0.1185 11.96 0.8104 0.0880 135.87 
ACStd 8 0.1543 13.64 0.8125 0.1189 158.01 
ACSt11 0.2135 16.46 0.8694 0.1665 197.03 
ACSt14 0.2755 19.53 0.8677 0.2178 242.67 
ACSt17 0.3181 20.62 0.8856 0.2554 259.71 



















on Carbon (mg/g) 
B1 0.0000 0.00 0.8009 0.0000 0.00 
B2 0.0000 0.00 0.7708 0.0000 0.00 
1 0.0209 2.00 0.8621 0.0160 20.38 
3 0.0595 4.37 0.7820 0.0495 45.67 
5 0.0982 6.33 0.7904 0.0835 67.55 
7 0.1340 7.55 0.8884 0.1140 81.68 
9 0.1767 9.47 0.8951 0.1509 104.64 
11 0.2135 11.83 0.7963 0.1843 134.23 
13 0.2587 18.24 0.7755 0.2116 223.02 
15 0.2945 15.75 0.7914 0.2543 186.90 
16 0.3181 15.82 0.7978 0.2775 187.93 
17 0.3338 17.15 0.8500 0.2860 206.98 
18 0.3587 17.42 0.7895 0.3134 210.99 
19 0.3945 18.83 0.7848 0.3453 231.94 
20 0.4319 21.27 0.8062 0.3734 270.15 
21 0.4552 21.76 0.8348 0.3922 278.08 







XPS C1s Spectra – AC 
 
 
Elemental ID and Quantification 
Name  Peak BE FWHM eV Atomic % Q  SF  
C1s 286.76 1.10 0.00 1 1.000 
C1s A 285.17 1.55 0.00 1 1.000 
C1s B 287.95 1.56 0.00 1 1.000 
C1s C 289.83 1.56 0.00 1 1.000 
C1s D 284.75 1.30 58.60 1 1.000 
C1s E 286.30 1.55 20.12 1 1.000 
C1s F 287.79 2.13 13.08 1 1.000 
























XPS C1s Spectra – MC 
 
 
Elemental ID and Quantification 
Name  Peak BE FWHM eV Area (P) CPS.eV Atomic % Q  
C1s 284.20 1.00 105078.07 91.12 1 
C1s A 289.66 2.78 6007.30 5.22 1 
C1s B 291.37 2.52 3014.47 2.62 1 
C1s C 294.01 2.39 1209.07 1.05 1 
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